n patients with symptomatic carotid artery stenosis, carotid artery stenting (CAS) is associated with a higher risk of periprocedural stroke than carotid endarterectomy (CEA).
on DWI after the intervention than patients with a normal perfusion. 7 Both CAS and CEA may be accompanied by periprocedural hemodynamic depression or other cardiovascular symptoms. 8 In the International Carotid Stenting Study (ICSS), 9 severe arterial hypotension, bradycardia, or asystole occurred twice as often in patients treated by CAS than by CEA. 10 Such hemodynamic depression may lead to a temporary reduction in cerebral perfusion. 11, 12 We hypothesized that hemodynamic depression during CAS or CEA will impair the washout of emboli during revascularization and will therefore be associated with a higher risk of new DWI lesions on MRI performed soon after revascularization. Therefore, we compared the number and volume of new DWI lesions after CAS or CEA in patients who experienced hemodynamic depression with the number and volume of lesions in those without hemodynamic depression.
Methods

Subjects
All patients in this study were participants in the ICSS-MRI substudy, 2 a prospective multicenter substudy in 7 centers within ICSS (ISRCTN25337470). 13 ICSS is an international, randomized controlled trial comparing the risks and benefits of CAS versus CEA in patients with recently symptomatic carotid artery stenosis >50%. The design of both studies, patient eligibility criteria, the results of an interim safety analysis of ICSS, and the main results of the MRI substudy have been reported previously. 2, 9 Study Approval ICSS (ISRCTN25337470) and the MRI substudy were approved by local ethics committees for non-UK centers and by the Northwest Multicentre Research Committee in the United Kingdom. All patients provided written informed consent.
Stenting and Surgery Procedures
The ICSS study protocol prescribed that all patients should receive the best medical care throughout the entire study period. The combination of aspirin and clopidogrel was recommended to cover stenting procedures. Intraprocedural heparin was mandatory at a dose determined by the operator. Approved cerebral protection devices were recommended for use during stenting, when it was feasible and safe to deploy them, as well as the intravenous administration of atropine or a similar agent just before balloon dilatation or stent placement. Endarterectomy procedures included the use of local or general anesthesia and shunts or patches as determined by the operating surgeon.
13
Data Collection and Definitions of Hemodynamic Events
At study inclusion, data were collected on the patients' presenting symptoms, demographic characteristics, and cardiovascular risk factors. Hemodynamic depression was defined as the occurrence during or soon after revascularization of ≥1 of the physiologically related symptoms of bradycardia (defined as a heart rate of <40 bpm), asystole, or hypotension requiring treatment. 10 In ICSS, no fixed cutoff blood pressure value was set to define hypotension requiring treatment. Treatment of any hemodynamic complication was at the discretion of the treating physician. Investigators were asked to complete the forms as soon as possible after the revascularization procedure, but it was not mandatory to provide information on the exact timing and duration of hemodynamic changes after revascularization. Therefore, hemodynamic depression could occur at any time between the start of the intervention and discharge.
Imaging
MRI scans at field strengths of 1.5 T or 3.0 T were performed 1 to 7 days before treatment (pretreatment MRI) and 1 to 3 days after treatment (post-treatment MRI). Sixty-six patients were studied with 3-T scanners (CAS, n=37; CEA, n=29), and 165 were studied with 1.5-T scanners (CAS, n=87; CEA, n=78). Pretreatment and post-treatment scans included DWI sequences. On each scan, the number and volume of hyperintense lesions on DWI was measured. New periprocedural ischemic brain lesions were defined as hyperintense DWI lesions on post-treatment MRI that were not present on pretreatment MRI. In each patient, the total number of new DWI lesions (lesion count) and the total lesion volume were assessed. White matter lesions, or age-related white matter changes (ARWMCs), are correlates of small vessel disease on imaging of brain parenchyma.
14 Quantification of these lesions was done on the pretreatment fluid-attenuated inversion recovery sequences with the ARWMC scale. 15 
Outcome Measures
The primary outcome measure of the present study was the total count of new hyperintense DWI lesions on the post-treatment scan that were not present on the pretreatment scan. The total volume of these lesions was a secondary outcome measure.
Statistical Analysis
For this study, we performed a per-protocol analysis including only patients who completed the allocated treatment as their first and only ipsilateral treatment. Patients who received the alternative revascularization procedure (crossovers) or received no revascularization were therefore excluded from the analyses.
Because of the differences in the occurrence of hemodynamic depression and in the risk of new ischemic lesions between CAS and CEA, we performed all analyses separately for each of the 2 treatment groups. We compared the number of new DWI lesions between patients with or without hemodynamic depression with Poisson regression and calculated crude risk ratios (RRs) with corresponding 95% confidence intervals (CIs). To accommodate the large variance in the lesion count data, we adapted the scale parameter of the Poisson model. We adjusted crude RR estimates for the 5 largest imbalances in baseline characteristics per treatment. In a post hoc analysis, we also adjusted for the use of a cerebral protection device or atropine during stenting.
For log-transformed DWI total lesion volumes, we calculated mean differences with corresponding 95% CIs between the patients with and without hemodynamic depression with linear regression and adjusted for imbalances in baseline characteristics.
Results
Baseline Characteristics
There were 231 patients included in the ICSS-MRI substudy. 2 Two CAS patients with missing information on hemodynamic complications were excluded from the current analyses. Therefore, this study included a total of 229 patients, of whom 122 were treated by CAS and 107 by CEA. Fifteen patients (12%) treated by CAS and 9 (8%) treated by CEA had hemodynamic depression requiring treatment. Baseline characteristics of the patients are shown in Table 1 . In patients treated by CAS, relevant baseline differences in the patients with and those without hemodynamic depression comprised baseline ARWMC score, sex, smoking history, the index ischemic event, and a history of multiple ischemic events before randomization. In patients treated by CEA, these were baseline ARWMC score, age, sex, smoking history, and systolic blood pressure at randomization.
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The mean patient stay was 3.5 days in the hospital after the intervention, without differences according to treatment or the occurrence of hemodynamic depression (data not shown). In 44 (36%) CAS procedures, a cerebral protection device was used. In 12 (10%) CAS patients, information on the use of cerebral protection devices was missing. Hemodynamic depression occurred in 6 (14%) CAS patients treated with such a device and in 9 (14%) CAS patients treated without cerebral protection (RR, 1.0; 95% CI, 0.4-2.6). Atropine was administered during stenting in 75 (61%) CAS patients; information on atropine use was not available in 21 (17%) patients. Thirteen (17%) patients treated with atropine had periprocedural hemodynamic depression and 2 (8%) patients not treated with atropine (RR, 2.3; 95% CI, 0.5-9.3). †If 2 events were reported on the same day, the more serious was counted (stroke>retinal infarction>transient ischemic attack>amaurosis fugax).
‡Some Rankin scores of ≥3 were caused by nonstroke disability.
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DWI Lesions
In both patient groups, there was no difference in the proportion of patients with ≥1 new DWI lesion between patients who had hemodynamic depression compared with those without hemodynamic depression (Tables 2 and 3) . After CAS, patients with hemodynamic depression had a mean of 13 new DWI lesions versus a mean of 4 in those without hemodynamic depression (RR, 3.36; 95% CI, 1.73 to 6.50). Adjustments for the potentially confounding baseline factors (ARWMC score, sex, smoking history, the index ischemic event, and history of multiple ischemic events) had no major influence on the crude effect estimate (Tables 2 and 3 ). The occurrence of hemodynamic depression had no effect on lesion count after CEA (RR, 0.71; 95% CI, 0.13 to 3.86; Tables 2 and 3 ). This did not change after adjustment for the baseline ARWMC score, age, sex, smoking history, or systolic blood pressure. Most patients had their postprocedural MRI within 1 day of the intervention. Table I in the online-only Data Supplement shows the distribution of lesions in patients with or without hemodynamic depression based on the timing of the postprocedural scan. Post hoc adjustments for the use of a cerebral protection device or atropine during stenting did not affect the outcomes (Tables 2 and 3 ).
For both CAS and CEA, there were no differences in total DWI lesion volume between patients with hemodynamic depression and those without hemodynamic depression after log transformation. The mean differences did not change essentially after adjustment (Tables 2 and 3 ). Table II in the online-only Data Supplement shows the data of the combined treatment groups.
Discussion
We found that in patients who were treated by CAS, the occurrence of periprocedural hemodynamic depression was associated with a >3 times higher number of new ischemic brain lesions on DWI compared with patients without this complication. This effect was not observed in patients who had hemodynamic depression after CEA.
Our finding of an increased occurrence of new ischemic lesions on DWI in patients with hemodynamic depression after CAS is in line with previous observations in uncontrolled studies, in which periprocedural hemodynamic depression was associated with increased rates of stroke or death after CAS. [17] [18] [19] [20] However, this association has not been found in every study. [21] [22] [23] In the current study, 12% of the patients treated by CAS had periprocedural hemodynamic depression requiring treatment, whereas uncontrolled series of patients treated by CAS have reported frequencies of arterial hypotension or hemodynamic depression ranging from 19% to 51%. 17, 19, [24] [25] [26] This difference may be explained by ascertainment bias because the assessment of hemodynamic depression was a primary aim of some of the observational studies but not of ICSS. In addition, definitions for hypotension or hemodynamic depression as a composite measure differed between ICSS and the observational studies. Most of the observational studies defined arterial hypotension as a drop in systolic blood pressure below a fixed value, or as a specific absolute fall in blood pressure, whereas in ICSS, hypotension was only reported if this required treatment. 10 We therefore could have missed less severe episodes of hypotension.
In ICSS, hemodynamic depression requiring treatment occurred in 13.8% of the patients treated by CAS and in 7.2% of the patients treated by CEA. 10 In the ICSS-MRI substudy, 35% of the patients treated by CAS and 9% of those treated by CEA had ≥2 new ischemic lesions on DWI. 27 Because the number of patients with ≥2 new DWI lesions after CAS was substantially higher than the number with hemodynamic depression requiring treatment, it is clear that the difference in the risk of hemodynamic depression requiring treatment between CAS and CEA is not the only determinant of the difference in the occurrence of new ischemic lesions between the 2 treatments. However, smaller reductions in blood pressure that did not require treatment were not reported in ICSS, and it is possible that these may have contributed to the development of new lesions in some patients not fulfilling our definition of hemodynamic depression. Our assumption that in 
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ICSS reductions in blood pressure after CAS did occur more frequently than reported is supported by the fact that at discharge, systolic blood pressures were ≈10 mm Hg lower after CAS than after CEA. 28 Moreover, in the present study, hemodynamic depression remained strongly associated with an increased number of new ischemic lesions after adjustments for potentially confounding baseline factors.
The main source for periprocedural ischemia after CEA or CAS is thromboembolism. 29 Our findings are consistent with the hypothesis that hypoperfusion increases the susceptibility of the brain to infarction from emboli by impairing washout of emboli from the cerebral circulation. 6, 30 Hemodynamic depression after carotid revascularization procedures occurs when carotid sinus stimulation leads to bradycardia, by affecting the sinus and atrioventricular nodes, and to hypotension, by peripheral vasodilatation. 31 In ICSS as a whole, we found no evidence that the increased rate of hemodynamic depression after CAS explained the excess of stroke and death within 30 days of CAS versus CEA. 9, 10 However, the number of clinical outcome events was relatively small. MRI increases the number of ischemic insults detected as a result of revascularization, increasing the sensitivity to differences between patients. 2 Using ischemic lesions on DWI as a surrogate marker for ischemic stroke after carotid revascularization, 2 we have now been able to correlate hemodynamic depression with postprocedural cerebral ischemia.
Our study suggests that prevention of severe hypotension and bradycardia might reduce the number of new DWI lesions after CAS, but this can only be tested in a new randomized trial. It has been proposed that in case of hemodynamic depression after stenting, patients should be treated with intravenous fluids, atropine and α-agonists, and that any oral antihypertensive medication should be discontinued. 32 However, treatment options may vary based on patient characteristics and on the severity of hemodynamic symptoms.
In contrast to patients treated by CAS, we found no evidence that hemodynamic depression was associated with a higher number of new ischemic lesions in patients treated by CEA. However, the number of new ischemic lesions in patients treated by CEA was very low, and we therefore lacked statistical power to detect any association. Total lesion volumes did not differ between patients with or without hemodynamic depression; however, our data suggest that the individual lesions were smaller in patients who had hemodynamic depression.
Strengths of this study are the prospective assessment of hemodynamic depression and of new ischemic lesions on DWI, in addition to its relatively large sample size. A limitation is the lack of direct periprocedural cerebral perfusion measures. We therefore cannot confirm that hemodynamic depression resulted in compromised cerebral perfusion. Second, in ICSS, it was not mandatory to report the exact timing of periprocedural hemodynamic complications, although the investigators were asked to complete the form as soon as possible after the procedure. It is therefore possible that these could have occurred at any time between the start of the revascularization and discharge. However, based on observations in uncontrolled series, 17, 19, [24] [25] [26] we expect that the majority of hemodynamic events would have occurred during or immediately after CAS or CEA. For this reason, most if not all MRI scans will have been performed after the development of hemodynamic depression. Moreover, we do not have data on the duration of hemodynamic depression; therefore, we cannot refute the possibility that duration of hemodynamic compromise influences the amount of new ischemic lesions. In the ICSS-MRI substudy, the interval to the postprocedural MRI was longer after CEA than after CAS: median 1 day (interquartile range, 1-2) and 1 (interquartile range, 1-1), respectively, P=0.008. 2 And we could therefore have missed additional new ischemic lesions after CAS. Finally, apart from the severity of the stenosis, we do not have information on plaque characteristics.
Conclusions
In patients treated by CAS, hemodynamic depression was associated with a higher number of new ischemic lesions on ARWMC indicates age-related white matter changes; CAS, carotid artery stenting; CEA, carotid endarterectomy; HD, hemodynamic depression (hypotension requiring treatment, severe bradycardia, and asystole); MD, mean difference; Q1-Q3, interquartile range; RR, risk ratio; SBP, systolic blood pressure. *mean difference after log transformation; a positive difference indicates larger volumes with HD+
